Abstract
Introduction
In the piggyback electrodes, the recording electrode and two of the iontophoresis pipettes were 149 filled with a solution of sodium chloride (NaCl, 1 mol*L -1 ). The other two iontophoresis pipettes 150 were filled with a 10 mM solution of BMI. The pH of the BMI solution was adjusted to 3 using 151 hydrochloric acid. During the iontophoresis experiments, spike activity was recorded using the 152 same custom-made recording amplifier that was used for extracellular recordings with simple 153 glass electrodes (see preceding text). Iontophoresis of BMI was controlled using a Neurophore 154 BH-2 system (Harvard Apparatus, Medical Systems Research Products). One of the intophoresis 155 pipettes filled with NaCl was used to balance the Neurophore BH-2 system. A retention current 156 of -20 nA was used to avoid undesired leakage of BMI. Ejection currents were set to values
The response of each neuron was studied using 2-ms artificial FM-sweeps (0.5 ms rise/fall time) 171 whose frequencies mimicked the second or third harmonics in the biosonar call of C.
172
perspicillata respectively) . The response of delay-tuned neurons 173 was tested using two different stimulation protocols: (I) single FM-sweeps of variable sound 174 pressure levels and (II) pairs of FM sweeps that mimicked call-echo pairs with different delays.
175
Single FM-sweeps of randomly changed SPLs (i.e. between 20-95 dB SPL, 5 dB steps, 50 trials 176 each) were used for calculating rate-level functions (i.e. stimulus SPL vs. spike-rate), latency-177 level functions and dot raster displays that vary as a function of SPL (i.e. spike-times relative to 178 the stimulus onset vs. stimulus level). In each rate-level function, we considered that a given SPL 179 effectively evoked a "response" if the number of spikes represented at least 35% of the maximum 180 spike-rate observed in the rate-level function. Following this criteria, the minimum threshold of a 181 given neuron was calculated by interpolation at the rising slope of the rate-level function as 35% 182 of the observed maximum response. In the neurons in which the effects of BMI were tested, 183 response threshold was calculated independently for the pre-drug, BMI and recovery conditions.
184
Neurons were classified according to the shape of their rate-level functions into monotonic (i.e. 185 neurons in which the spike-rate typically increased with increasing SPL until it reached a plateau) 186 and non-monotonic responders (i.e. neurons in which there was a drop in the response at high 187 SPLs). Non-monotonic responders were further classified into SPL-tuned neurons that failed to 188 respond to high SPLs and "notch" neurons in which the spike activity dropped in response to a 189 given SPL and then raised again with further SPL increments.
190
For the construction of latency-level functions, response latency was measured only at SPLs that 
198
The second stimulation paradigm (i.e. presenting artificial pulse-echo pairs with different delays) 199 was used to calculate delay tuning curves. For characterization of delay tuning curves, FM pairs 200 of fixed levels presented at random delays were used (i.e. delays between -2-28 ms, 2 ms steps, 201 negative values indicate that the FM sweep considered as "echo" was presented before the one 202 considered as "pulse", see following text). In a pair of FM sweeps, the "pulse" was at least 5 dB 203 louder than the "echo". Pulse-and echo-level were chosen taking into account characteristics of 204 the rate-level functions calculated with single FM-sweeps of increasing levels. Only SPL values 205 larger than the response threshold were considered for defining pulse and echo levels. In neurons
206
showing non-monotonic rate-level functions, the pulse-SPL was set to an SPL value that evoked 207 a local minimum in the rate-level function. For example, in neurons that were tuned to SPL, the 208 pulse-SPL was set to match the upper-threshold of the neuron, that is, the sound level at which 209 the neuron stopped to respond. Similarly, in the neurons with notch rate-level functions, the 210 pulse-SPL was set to a value equal (or close) to the SPL that evoked the notch in the response.
211
For both tuned and notch neurons, the echo-SPL was fixed between 5 and 20 dB below the pulse-212 SPL and it was chosen so that it matched a local maximum in the rate-level functions. In neurons 213 with monotonic rate-level functions, pulse-and echo-SPL were arbitrarily fixed to 80 dB SPL 214 and 65 dB SPL, respectively. Those values were taken from a previous study on delay tuning in In the delay tuning curves, the best delay (BD) was considered to be the echo-delay that evoked 217 the maximum response. "Non-optimal delays" were those for which the response was below 50% 218 of the response observed at the best-delay. "Optimal delays" were those for which the response 219 was above 50% of the maximum response. We defined two different types of delay-tuning 220 curves: excitatory curves and suppression curves (also known as inhibitory curves). In neurons 221 with excitatory delay tuning, there was a range of optimal delays that was surrounded by non-222 optimal delays. On the other hand, in the suppression curves, there was a range of non-optimal 223 delays that was surrounded by optimal delays. In the excitatory delay tuning curves, the 224 bandwidth of the curve was calculated by interpolation, as 50% of the maximum response 225 observed in the neuron.
226
All statistical tests were conducted using either Statistica (release 8, Statsoft Inc.) considered to be "suppressed" if the ii was <-0.11, which corresponds to at least a 20% decrease 246 relative to the expected response.
247

Results
248
To characterize basic response properties of homoharmonic delay-tuned neurons, we recorded the 249 response of 131 units in the dorsal high-frequency fields of the auditory cortex of C. perspillata.
250
All of these neurons displayed delay tuning in response to pairs of FM sweeps (see below). We 251 will start by describing the temporal response pattern of delay-tuned neurons obtained in response 252 to individual FM-weeps of increasing SPL.
253
Responses to individual FM-sweeps
254
In response to single FM-sweeps, cortical neurons neurons displayed one of four arbitrarily Figure 1d ).
275
Forty cortical neurons (40/131, 30.5%) completely failed to respond to high SPL values (that is, 276 the response was below 10% of the response at the best delay) and did not display PLS. These 277 units were tuned to a narrow range of SPLs and they were defined as "strictly-tuned" to 278 differentiate between them and units that were also SPL-tuned but that did respond to some 
283
The rate-level function of Unit CP105 is marked in black in figure 1g to illustrate the typical rate-284 level function of a strictly-tuned neuron. The response of this neuron reached a maximum at 60 dB SPL with a firing rate of 1.2 spikes/trial. At levels above 65 dB SPL the response dropped to values between 0.06 and 0 spikes/trial.
287
In seven out of 131 studied neurons the temporal response pattern was classified as "complex". 
295
The difference in latency between complex neurons and other neuronal types was more evident at 296 low sound pressure levels (i.e . between 50-60 dB SPL, Figure 2e ). Neurons with a complex 297 response pattern had notch rate-level functions (2 neurons, Figure 1j ), were tuned to SPL (3 298 neurons, including Unit Cp51 (black curve in Figure 1k) ), or had monotonic rate-level functions 299 (2 neurons, Figure 1l ).
300
The remaining 24 neurons (24/131, 18%) did not display PLS, nor were SPL-tuned or had
301
"complex" temporal response patterns. The response of these units was characterized by a 302 systematic decrease in response latency with rising sound pressure levels. These units were 
Responses to pairs of FM sweeps: interactions measured at the best delay
326
In response to pairs of FM-sweeps, all 131 neurons displayed delay selectivity that was classified 327 as either excitatory or inhibitory. Neurons with excitatory delay tuning curves typically 328 responded well to a certain range of echo delays and this "excitatory delay range" was 329 surrounded by delays that were less effective in driving the neurons. On the other hand, "purely of Unit CP74 (Figure 4d ), the facilitated response was surrounded by suppression. The delays 352 that were shorter than the best delay were defined as "front delays" while those that were longer 353 were defined as "back delays". In the front suppression field, the maximum suppression occurred at 0-ms-delay with the response dropping to 0 spikes/trial (ii= -1, the maximum possible suppression). In the back suppression field, maximum suppression started at 22-ms-delay with 356 the response also dropping to 0 spikes/trial.
357
Among 128 neurons with excitatory delay tuning, the best delay varied between 2 and 25 ms 358 (Figure 5a ). Thirty neurons had best delays equal to or shorter than 6 ms, while another 98 359 neurons were tuned to longer delays. The peak value in the best delay histogram was at 12 ms, 360 which is consistent with the fact that the majority of delay-tuned neurons in this study were from 361 the middle portion of Carollia's chronotopic map. There were no differences regarding best delay 362 between neurons with notch-, tuned-and monotonic rate-level functions (one-way ANOVA: 363 p=0.67, Shapiro-Wilk W test for normality: 0.05<p<0.15, Levene's test for homogeneity of 364 variance: p= 0.56). From here on, neurons tuned to echo delays shorter than or equal to 6 ms will 365 be referred to as short-delay tuned neurons, whereas neurons tuned to delays longer than 6 ms 366 will be referred to as long-delay tuned neurons. The distinction between short-and long-delay In the neurons tuned to short delays (i.e. those with best delays < 6 ms), at the best delay, the 372 value of the interaction index that measures the strength of facilitation varied between 0.81 and - In a minority of neurons tuned to short delays (6/30, 20%), the response was not facilitated at the 384 best delay, that is, in these units the ii was < 0.09. Among the neurons tuned to short delays, the 385 lowest ii was observed in Unit CP105 (Figure 5d ) with an ii of -0.34. In response to FM2-sweeps 386 of 70 dB SPL, Unit CP105 displayed almost no response (i.e. it fired an average of 0.03 387 spikes/trial). However, it responded strongly to individual FM2-sweeps of 60 dB SPL, with an 388 average spike-rate of 1.2 spikes/trial. In the delay tuning curve, the maximum response (0.6 389 spikes/trial) occurred when the FM2-sweep of 60 dB SPL was presented 3 ms after the 70 dB 390 SPL signal. The response observed at 3-ms-delay represents 50% of the response to the 60 dB 391 SPL signal alone, indicating that the response was suppressed when pulse and echo were 392 presented together.
393
In another 98 neurons the maximum facilitation occurred at delays above 6 ms (long delay units).
394
The amount of maximum facilitation observed in neurons tuned to long delays was not different Figure 5f ). Most of the neurons tuned to long delays (i.e. 68/98, 399 69%) were facilitated at the best delay. The response of Unit CP107 (Figure 5f ) is an example of strong facilitation. This unit did not respond to loud FM2-sweeps of 80 dB SPL (the pulse), and 401 responded only with 0.3 spikes/trial when presented with FM2-sweeps of 65 dB SPL (the echo).
402
In the delay tuning curve, the response reached a maximum of 1.43 spikes/trial when the 65 dB 403 SPL signal was presented 12 ms after the 80 dB SPL signal. The response observed at 12-ms-404 delay represents 476% of the sum of responses to the pulse and echo alone, yielding an ii of 0.65.
405
Thirty out of 98 neurons tuned to long delays (31%) had responses that were not facilitated at the 406 best delay. This type of responses is illustrated in figure 5g . Unit CP97 (Figure 5g the ii calculated at the best delay was -0.25, indicating either suppression or that the response was 412 saturated at the best delay.
413
Interactions at non-optimal delays
414
The interaction index also was used to characterize the response to non-optimal echo-delays.
415
Non-optimal delays were classified into front or back-delays depending on their relation to the 416 best delay. We looked for footprints of inhibition at non-optimal delays by calculating the delays 417 that caused the maximum suppression in the front and back delay fields.
418
In the front delay field, maximum suppression was observed at 0-ms delay in 26 out of 30 short- 
Relation between best delay and magnitude of PLS
442
In 60 neurons that displayed both PLS and excitatory delay tuning we calculated the correlation Figure 8 ).
463
Effects of BMI application on the response of delay-tuned neurons
464
In 24 cortical neurons we studied the effect of BMI iontophoresis on the response to sounds of To exemplify this behavior, the response of a PLS-neuron studied using FM2-sweeps is shown in individual pulse and echo, was larger for the BMI condition than for the pre-drug condition; 514 although in response to the echo, differences between average responses were not statistically 515 significant (Wilcoxon matched-pairs test, p=0.26). Our data also suggests that GABA A receptors 516 seem to play a role in controlling neuronal best delay and response bandwidth. For example,
517
BMI iontophoresis induced shifts in BD in 20 out of the 24 studied units (Figure 10c ). In 11 units 518 there was only a slight BD-shift (i.e. the BD shifted by +/-2 ms). However, in the remaining nine 519 units (including the neuron in Figure 9b ) the shift was more pronounced reaching values up to +/-520 6 ms. There was no correlation between the neuronal best delay and the magnitude of BD shift. In 521 eight of the 24 studied neurons (33%), BMI iontophoresis increased response bandwidth by more 522 than 2 ms (the temporal resolution of the delay-tuning curves described in this study). 
534
Origin of inhibitory footprints
In the response of HM neurons, evidence for level-dependent inhibition appears in the form of a 536 PLS, non-monotonic rate-level functions or a combination these two features (see figure 1) . That
537
PLS and non-monotonic responses indicate an underlying inhibition is supported by the response
538
"suppression" observed in the delay tuning curves (see example neurons in figures 4 and 7).
539
Presenting a weak (echolike) sound alone triggers a strong spike-response. This response is 540 suppressed if the echolike sound is preceded by a loud (pulselike) sound and the delay between 541 the two sounds deviates from the neuron's optimal delay. 
556
In principle, a longer lasting inhibition that at high-SPLs suppresses the entire excitatory response 557 could produce a "strictly-tuned" response pattern. Also, a complex response could originate when the inhibition is sandwiched within the excitatory response. The rate-level functions that accompany the different response patterns could be classified as tuned, notch or saturated, 560 depending on how much of the excitatory response is able to override the inhibitory suppression 561 at different sound levels. Even HM neurons that do display PLS are clearly tuned to echo-delay when the pulse level is 578 fixed at a value that does not evoke a latency shift (see the example neuron in Figure 7 ). The last 579 two pieces of evidence described in the preceding text (2 and 3) suggest that PLS is not necessarily required for the implementation of HM delay-tuning or at least, that PLS is not the 581 only mechanism by which HM tuning can be implemented.
582
One interpretation to the extensive representation of inhibitory footprints in the response of HM 583 delay tuned neurons could be that inhibition, more specifically pulse-evoked inhibition, is Example neuron tuned to long delays that displayed response suppression at the best delay. The response of a neuron in which BMI iontophoresis increased response strength but did not 815 affect the neuronal best delay or the 50% bandwidth (Bw50) of the delay tuning curves.
816
Responses at the best delay are given in the form [best delay (ms); response (spikes/trial)]. For this neuron, the response in the BMI condition was measured after 10 min of continuous BMI 818 release (+10 nA ejection current). The recovery was measured 32 min after stopping BMI release.
819
b) The response of a second neuron in which response strength also increased after BMI 820 application. In this neuron BMI iontophoresis did affect the neuronal best delay and Bw50.
821
Effects of BMI were measured after 10 min of continuous BMI application (+10 nA ejection 822 current). The response recovered 35 min after stopping BMI release. 
